ABSTRACT The combination of essential oils and Bacillus thuringiensis Berliner may represent an interesting control strategy. Thus, the study tested the following hypothesis: the combination of long pepper oil (Piper hispidinervum L.) and clove (Syzygium aromaticum L.) oils in two concentrations with Xentari WG (Bta) yields a more effective control of Spodoptera frugiperda (JE Smith) (Lepidoptera: Noctuidae) affecting biological and reproductive parameters and leading to changes in the levels of phenoloxidase and nitric oxide in the hemolymph of the pest. The results demonstrate that only long pepper oil, at the highest concentration with Xentari WG (Bta), promotes reduced larval survival. However, both oils with or without the insecticide interfere in the biology and humoral immunity of S. frugiperda. All treatments caused a decrease in the amount of eggs, except for the clove oil at both concentrations without Bta. Therefore, the use of these oils is a promising alternative for the integrated management of S. frugiperda; however, its association with Bta demonstrated no signiÞcant increase in their efÞciency.
Spodoptera frugiperda (JE Smith) (Lepidoptera: Noctuidae) is one of the most polyphagous pest of crops in Brazil, standing out as the most destructive in corn crops by causing yield losses of up to 34% (Wiseman 1988 , Dequech et al. 2007 ). According to Walquil and Vilella (2003) , a large proportion of expenses with insecticides spraying is used for controlling this pest, resulting in annual losses of around US$250 million.
The increased cost of production and the knowledge about side effects of chemical pesticides associated with consumer concerns about food quality have led to the interest in researches on alternative control techniques, such as the use of plant-derived (Isman 2000) and biological pesticides (Uribe et al. 2003) .
Oils extracted from plants of Piperaceae and Myrtaceae families, emphasizing long pepper (Piper hispidinervum C. DC.) and clove (Syzygium aromaticum L.), have been showing repellent and deterrent effect on several insect species (Miranda et al. 2002 , Lima et al. 2009 ).
The use of Bacillus thuringiensis Berliner-based biopesticides (Bt formulation) represents another alternative method to synthetic pesticides. Its action takes place on speciÞc receptors in the insect midgut, by the activity of delta-endotoxins or crystal proteins with insecticidal features, where the bacterial sporulation causes osmotic lysis, and therefore the insect death (Tremiliosi et al. 2008 ). The B. thuringiensis produces several toxic proteins that are highly speciÞc to insects of the order Lepidoptera, Coleoptera, and Diptera (Souza et al. 1999 ). The B. thuringiensis variety aizawai (Bta) isolates are considered especially active against Spodoptera spp., as well as the commercial formulation Xentari (Bta), thereby justifying its use in this study (Martṍnez et al. 2004) .
Combining methods that aim to improve pest control is one of the integrated pest management strategies, thus the combination of essential oils and B. thuringiensis may represent an interesting control strategy. However, besides insecticidal properties, essential oils may present antimicrobial, bactericidal, and fungicidal activities (Nascimento et al. 2000, Silva and Bastos 2007) . Therefore, in response to exposure to the combination of essential oils and Bt formulations, there might occur biological and immunological changes that may or not be crucial for the survival of the insect.
Biological changes may be related to alterations in feeding activity, developmental stages, fecundity, and fertility. Immunological changes can be assayed, among other factors, by the levels of phenoloxidase and nitric oxide (NO) in insect hemolymph. These substances are involved in insect defense, promoting a melanization response to the presence of bacteria (Negreiro et al. 2004 ) and a release of reactive nitrogen and oxygen, which are toxic to the invading organism.
Thus, this study aimed to test the following hypotheses:
1. Evaluate whether the combination of essential oils (long pepper and clove) with Bta formulated provides a more effective control of S. frugiperda, affecting feeding activity, altering developmental stages, and inhibiting fecundity and fertility. 2. Assess if the combination of these essential oils with formulated Bta can lead to changes in the levels of phenoloxidase and nitric oxide in S. frugiperda hemolymph.
Materials and Methods
Insect Rearing. The larvae of S. frugiperda were obtained from stock colonies maintained at the Laboratory of Agricultural Entomology, temperature of 25.2 Ϯ 1.4ЊC, relative humidity (RH) of 67 Ϯ 0.7% and a photoperiod of 12:12 (L:D) h, and fed on corn leaves of hybrid Agroceres (AG) 1051. The cultivar AG 1051 is a double cross hybrid, with yellow kernels, and was developed for the production of green ears, grain, and silage. This hybrid has no resistance to Lepidoptera and does not express Bt toxins. Corn plants were grown in a greenhouse, two plants per pot (5 liter), containing soil plus worm humus in a 2:1 ratio ϩ 12.13 g of NÐPÐK fertilizer (4-14-8) Yara Brasil Fertilizantes S.A, Porto Alegre, Rio Grande do Sul, Brazil.
Obtaining Essential Oils. Clove dried ßower buds were purchased at spice stores in Recife, PE, and it was subjected to hydrodistillation for 2 h at the Laboratory of Bioactive Natural Products, Department of Chemistry, Universidade Federal Rural de Pernambuco. Clove dried ßower buds (Ϸ800 g) were comminuted in a blender and hydrodistilled with 3 liters of distilled water for 3 h in a Clevenger-type apparatus. The essential oil layer was separated, dried over anhydrous sodium sulfate, and stored in a hermetically sealed amber-glass vial at Ϫ5ЊC until required for assay (Santos et al. 2012 ). Long pepper oil was obtained from EmbrapaÐAcre (Rio Branco, Brazil), prepared from leaves collected in an experimental Þeld and its extraction was performed under the same conditions of the clove oil. The oil emulsions were prepared at the Laboratory of Entomology Agricultural, Universidade Federal Rural de Pernambuco.
Gas Chromatography-Mass Spectrometry (GC-MS) Analysis. The analyses of the chemical composition of the essential oils of long pepper and clove were carried out at the Chemical Ecology Laboratory in the Federal University of Pernambuco. Samples of the essential oils of both plant species were analyzed on an Agilent 5975C Series GC/MSD (Agilent Technologies, Palo Alto, CA), equipped with a HP-5MS column (Agilent J&W; 30 by 0.25 mm inner diameter, 0.25 m). Initial GC oven temperature was set at 40ЊC for 2 min, following a temperature increase of 4ЊC/min until 180ЊC, which was maintained for 5 min. Carrier gas was helium at a constant pressure of 100 kPa. For each analysis, 1.0 l of essential oil solution (2,000 ppm in n-hexane) was injected in split mode (1:50) at 250ЊC. Essential oil solutions were also coinjected with a solution containing a known alkane series (C 9 ÐC 19 ) in split mode (1:20). Interface temperature was set at 230ЊC and the mass spectrum of the compounds was obtained in 70 eV (EI mode), 0.5 scan/s, m/z 30 Ð350. The identiÞcation of components in the essential oils was obtained through comparison of their calculated Kratz retention index (RI) with those found in the literature (Adams 2007) and through direct similarity searches with mass spectra databases (Adams 2007) . The areas of integrated peaks in the chromatograms were obtained with the aid of the software Agilent MSD Productivity ChemStation (Agilent Technologies).
Phytotoxicity Test. To test phytotoxicity of clove and long pepper oils, a preliminary trial was carried out, using concentrations of 1,000, 500, 250, 125, 60, 50, and 30 mg/liter in 100 ml distilled water. The concentrations of 50 and 30 mg/liter presented no phytotoxicity to corn leaves and so were selected as suitable to the bioactivity tests on S. frugiperda biological and immunological parameters.
Bioassays. Leaf pieces of double-cross corn hybrid AG 1051, measuring Ϸ8.0 by 4.5 cm, were dipped in the following treatment concentrations: long pepper and clove oils (30 and 50 mg/liter), Xentari WG (Bta) (1,000 mg/liter), long pepper oil ϩ Bta (30 and 50 mg/liter ϩ 1,000 mg/liter Bta ϩ 100 ml distilled water ϩ 1 ml DMSO), and clove oil ϩ Bta (30 and 50 mg/liter ϩ 1,000 mg/liter Bta ϩ 100 ml distilled water ϩ 1 ml DMSO). Control leaves were dipped in dimethyl sulfoxide and distilled water (1 ϩ 100 ml, respectively). After dipping for 10 s, each leaf piece was dried at room temperature and offered to 10-d-old S. frugiperda larvae, average weight of Ϸ78 mg (third instar), for 48 h. Then, the larvae were fed on untreated leaves, replaced daily until pupation. To ensure 100% of treated leaves consumption, the larvae were deprived of food for 24 h. Larval weight was measured on the Þfth day after setting up bioassay, and pupal weight 24 h after formation. Pupae were kept in ßat bottom glass tubes until adult emergence. The following biological parameters were evaluated: daily survival rate, weight and larval period, weight and pupal period, and sex ratio and longevity. Each treatment consisted of 50 larvae individually placed in a ßat bottom glass tube (25 by 85 mm), plastic-wrap covered. There were Þve replications, of 10 larvae each, and the control. To evaluate the number of eggs and hatched larvae, Ϸ70 larvae per treatment were submitted under the same conditions described above and after the adults emergence, mating pairs were formed, two per cage, with Þve replications per treatment. The mating pairs were placed in polyvinyl chloride cages with dimensions 10 by 15 cm (diameter and height), lined with paper with as an oviposition substrate. The moths were fed with honey solution 10%, and maintained in acclimatized chambers. All the experiments were performed under the following conditions: temperature of 25.2 Ϯ 1.4ЊC, RH of 67 Ϯ 0.7% and a photoperiod of 12:12 (L:D) h. The eggs were collected daily and placed in petri dishes (10 cm in diameter) and subsequently kept under the same conditions as described above. Next, the total number of eggs and the number of hatched larvae were counted. These data were submitted to ANOVA and means compared by TukeyÕs honest signiÞcant difference (HSD) test at a signiÞcance level of 0.05% using SAS (SAS Institute 2001). The average survival rate was determined by the conÞrmed mortality. These data were submitted to long-rank test by the KaplanÐ Meyer method using the SAS PROC LIFETEST (PROC GLM, SAS Institute 2001).
NO Dosage. To determine the production of nitric oxide, 10-d-old S. frugiperda larvae were subjected to the same treatments as described above. Each treatment consisted of Þve replications, of 10 larvae each. After 48 h, the nitric oxide production in larval hemolymph was determined using the Griess reagent (Green et al. 1981) by assessing the concentration of the nitrite ion (NO 2 Ϫ ). For this purpose, 10 l hemolymph per larva were collected. A 50 l hemolymph pool was added to 70 l sulfanilamide 1 in 5% phosphoric acid (H 3 PO 4 ), featuring one replication. The NO 2 Ϫ titrations were obtained after 5-min incubation at room temperature, through 50 l of each sample (hemolymph and sulfanilamide) plus 50 l N-(1-Naphthyl) ethylenediamine dihydrochloride (0.1%) (Faraldo et al. 2005) . Absorbances were read at 562 nm on an ELx800 absorbance microplate reader (BioTek Instruments Inc., Winooski, VT) and data analyzed with Gen5 Elisa (Biotek) software. The standard curve was obtained using the known concentrations (100 Ð1.56 M) of sodium nitrite. The amount of nitrite in the samples was correlated with the absorbance values obtained from the standard curve. These data were submitted to ANOVA and means compared by TukeyÕs HSD test at a signiÞcance level of 0.05% using SAS Institute (PROC GLM, SAS Institute 2001) and log (x) transformed.
Phenoloxidase Activity. To determine the phenoloxidase activity, 10-d-old S. frugiperda larvae were subjected to the same treatments as described at the bioassays section. Each treatment consisted of Þve replications, of 10 larvae each. After 48 h, samples of 10 l hemolymph per larvae per treatment were diluted with 300 l of 0.1 M sodium phosphate buffer and kept in a freezer at Ϫ20ЊC until further use. Triplicate 50 l hemolymph or buffer mixtures were transferred into 96-well microtiter plate. Phenoloxidase activation was carried out by 50 l liter-dihydroxyphenylalanine 4 g/liter. Absorbance was measured at 492 nm on an ELx800 absorbance microplate reader (BioTek) at 2-min intervals for 2 h. The speciÞc activity of phenoloxidase was measured during the linear reaction phase within the Þrst 20 min. These data were submitted to ANOVA and means were compared by TukeyÕs HSD test at a signiÞcance level of 0.05% using SAS Institute (2001) and ͌x transformed.
Results
The GCÐMS analysis of the essential oil of P. hispidinervum revealed the presence of 31 compounds, of which safrole (82.07%), terpinolene (5.71%), and bicyclogermacrene (3.16%) were the most prominent (Table 1 ). The analysis of the essential oil of S. aromaticum indicated the presence of 11 compounds, of which eugenol (80.49%), eugenol acetate (9.53%), and (E)-caryophyllene (8.18%) were the most abundant.
The essential oil of long pepper, in both concentrations, with or without the Bta, signiÞcantly reduced larval survival compared with the control ( 2 ϭ 14.50; P ϭ 0.012; Fig. 1 ). However there was no statistical difference between the long pepper oil at the concentrations of 30 mg/liter with Bta and 30 mg/liter without Bta ( 2 ϭ 0.01; P ϭ 0.754). The same was observed for the concentrations of 50 mg/liter with Bta and 50 mg/liter without Bta ( 2 ϭ 0.38; P ϭ 0.531). All concentrations of clove oil, with or without Bta, caused a reduction in larval survival when compared with control ( 2 ϭ 33.47; P Ͻ 0.0001; Fig. 2 ). When the clove oil at a concentration of 30 mg/liter was compared with the same oil at 30 mg/liter with Bta, it was observed that the dosage of the oil without Bta showed a higher efÞciency in reducing the larval survival ( 2 ϭ 9.27; P ϭ 0.002). The same behavior was observed for the concentrations of 50 mg/liter with Bta and 50 mg/liter without Bta ( 2 ϭ 1.10; P ϭ 0.003). Statistical analysis of larval weight, revealed that Bta treatment had the lowest average weight, differing from control and long pepper at 50 mg/liter (F ϭ 5.19; df ϭ 5; P ϭ 0.0025; Table 2 ). Long pepper oil at a concentration of 30 mg/liter signiÞcantly reduced the larval period (F ϭ 7.21; df ϭ 5; P ϭ 0.0003). For the pupal weight the treatments that had the lower average were 30 and 50 mg/liter with Bta and the treatment of Bta alone, respectively, when compared with the control (F ϭ 15.60; df ϭ 5; P ϭ 0.0001). The pupal period was higher in the treatment with long pepper at 30 mg/liter; however, the other treatments did not differ from the control (F ϭ 9.20; df ϭ 5; P ϭ 0.0001). Sex ratio did not differ between treatments (F ϭ 0.87; df ϭ 5; P ϭ 0.5165).
Biological parameters from clove oil treatments with or without Bta, and from Bta treatment, demonstrated that all treatments signiÞcantly reduced larval weight compared with the control (F ϭ 11.44; df ϭ 5; P ϭ 0.0001; Table 3 ). For larval period, essential oils without Bta addition showed the highest averages, differing from control and Bta treatment (F ϭ 7.45; df ϭ 5; P ϭ 0.0002). For pupal weight, all treatments showed a signiÞcant reduction compared with the control (F ϭ 13.65; df ϭ 5; P ϭ 0.0001). Pupal period was signiÞcantly lengthened in clove oil treatments at both concentrations with Bta (F ϭ 10.38; df ϭ 5; P ϭ 0.0001). Sex ratio did not differ between treatments (F ϭ 0.58; df ϭ 5; P ϭ 0.7133).
Long pepper at 50 mg/liter considerably reduced the insect longevity, followed by Bta treatment, long pepper at 50 mg/liter ϩ Bta, long pepper at 30 mg/liter ϩ Bta, and long pepper at 30 mg/liter compared with the control ( 2 ϭ 21.95; P ϭ 0.0005; Fig. 3 ). When comparing the long pepper oil at the concentration of 30 mg/liter and 30 mg/liter ϩ Bta, there was no statistical difference ( 2 ϭ 1.85; P ϭ 0.174); the same was observed for the concentration of 50 mg/liter and 50 mg/liter ϩ Bta ( 2 ϭ 0.21; P ϭ 0.643). On clove oil bioassay, the lowest longevity was observed for Bta treatment, followed by clove oil at 30, 50, and 50 mg/liter ϩ Bta, which did not differ between them ( 2 ϭ 9.26; P ϭ 0.002; Fig. 4 ). The same was not observed for the concentration of 50 and 50 mg/liter ϩ Bta, which did not differ ( 2 ϭ 1.10; P ϭ 0.29). All treatments signiÞcantly reduced the number of eggs compared with the control, noting that the lowest averages were observed for treatments with lower oil concentrations without Bta addition (F ϭ 7.38; df ϭ 9; P ϭ 0.0001; Table 4 ). Regarding the number of hatched larvae it was veriÞed that long pepper oil, with or without Bta, and clove oil ϩ Bta presented lower averages, differing from the control (F ϭ 14.18; df ϭ 9; P ϭ 0.0001). When comparing oils with and without the Bta, it was observed that there was no statistical difference.
Larvae treated with long pepper oil at 50 mg/liter ϩ Bta had the highest average of nitric oxide production, differing from long pepper at 50 mg/liter and from the control (F ϭ 2.55; df ϭ 9; P ϭ 0.0117; Table 5 ). There was a decrease in the phenoloxidase enzyme activity in the larvae subjected to clove oil treatment at the concentration of 30 mg/liter, when compared with larvae treated with long pepper oil at 30 mg/liter ϩ Bta (F ϭ 2.79; df ϭ 9; P ϭ 0.0107); however, in all treatments, there was no signiÞcant difference when compared with control (Table 6 ).
Discussion
The phytotoxic capacity that some oils may exhibit is due to the presence of some mono-and sesquiterpenes that provide changes in the cells structure of plants and is characterized by the burning of plant tissue (Grosso et al. 2010) . However, according to Bainard et al. (2006) some of these substances, toxic in high doses, when used at low concentrations do not promote phytotoxic effects, favoring its use as a method of pest control. This fact was observed in our experiments and justiÞes the choice of the concentrations used. Larval survival of S. frugiperda was affected by treatments. In long pepper oil evaluation, results were more signiÞcant at the highest concentration with or without Bta. Clove oil efÞciency was observed without combination with Bta at both concentrations. It suggests an inhibitory effect of clove oil on Bta activity, considering that there were 100% consumption of the treated leaf discs offered to the larvae, as reported by Cox et al. (2000) , Lambert et al. (2001) , and Oussalah et al. (2006) that some essential oils act on certain bacteria, damaging the cytoplasm and cell membrane, leading to leakage of macromolecules and cell lysis. Furthermore, there are reports that eugenol, a major substance in clove oil, has a bactericidal activity (Oussalah et al. 2006 , Pereira et al. 2008a , which may have occurred in our results even at low concentrations. Clove and long pepper oils signiÞcantly reduced the total number of eggs at all concentrations tested with or without Bta. However, the ovicidal effect was not observed in clove oil at the two concentrations without Bta.
The fact that long pepper oil causes biology changes in S. frugiperda is probably associated with organic compounds present in this plant species. According to Bergo et al. (2005) , Fazolin et al. (2007) , and Lima et al. (2009) , longer pepper oil presents a wide range of organic compounds such as the secondary metabolites safrole (major component) and piperonyl butoxide, which are pesticide synergists. Moreover, monoterpene compounds are also commonly found in this oil. Several studies on stored grain insects have shown that monoterpenes present fumigant, ovicidal, and repellent action, besides affecting its biology (Coitinho et al. 2006 , Silva et al. 2009 ). Lima et al. (2009) , using long pepper essential oil on S. frugiperda, demonstrated that after 48 h of ingestion, Þrst-and third-instar larvae subject to LC 50 ϭ 16.2 mg/ml and LC 50 ϭ 9.4 mg/ml, respectively, showed signiÞcant reduction in feeding activity and an increased mortality compared with the control. Concerning clove oil effects, some authors (El-Hag et al. (1999) , Raina et al. (2001) ) have attributed its insecticidal properties to eugenol, eugenol acetate, and ␤-caryophyllene. In accordance with Birah et al. (2010) , corn leaves treated by immersion in clove oil interferes with biological parameters of Spodoptera litura (F.) (Lepidoptera: Noctuidae) in laboratory. The larvae were subjected to concentration of 15% extract and presented a reduction on survival of 12.22 and 1.12% on larval growth and 0.28% on total development. The extract also affected insect fecundity and fertility.
All treatments led to a decrease in oviposition, when compared with control, showing insecticidal activity on reproduction. Similar results were observed with other insects. The cowpea weevil Callosobruchus maculatus (F.) subjected to concentrations of 10, 20, 30, 40, and 50 l long pepper essential oil per 20 g bean, presented a reduction in number of eggs and emerged adults Pereira et al. (2008b) . Clove oil at a concentration of 25 g/kg Ϫ of beans, also decreased the oviposition of Zabrotes subfasciatus (Boheman) (Paranhos et al. 2005) .
As reported by Souza and Vendramim (2001) , Torres et al. (2001) , and Borgoni and Vendramin (2003) , plant secondary metabolites cause adverse effects on the biology and immunology of insects as feeding deterrence, weight decrease, inhibition of chitin biosynthesis, growth inhibition, and interference on some of transmitters involved in regulation of ecdysone biosynthesis and reduced fertility.
Within the immunological context, phenoloxidase is an enzyme that oxidizes phenolic compounds. The oxidation results is melanin formation, which is related to important physiological processes, such as insect cuticle sclerotization, wound healing, and mediating the process of pathogens and parasites recognition (Silva 2002 , Negreiro et al. 2004 ). Another signal substance of insect immune system is nitric oxide. Its increased production by hemocytes occurs in response to the presence of foreign agents (Foley and OÔ Farrell 2003, Faraldo et al. 2005) .
These results are relevant because according to Mordue and Nisbet (2000) substances in pesticides can act on insects chemoreceptor, stimulating speciÞc "deterrent" cells or blocking phagostimulants as "sugar" receptor cells, thereby inhibiting feeding process. Thus, higher oils concentrations may have promoted a deterrent effect and, consequently, did not stimulate enzyme activity. On the other hand, the bactericidal features of clove oil may have indirectly inhibited phenoloxidase activity. Moreover, as reported by Wilson et al. (2001) , there is a close relationship between phenoloxidase increase and B. thuringienis Cry toxins. For NO levels, long pepper treatment at 50 mg/ml ϩ Bta had the highest average compared with control and long pepper at 50 mg/ml. This is due to the fact that nitric oxide production is activated in response to infection with bacteria, fungi, parasites, and others (Silva 2002 , Faraldo et al. 2005 .
In conclusion, the essential oil of long pepper at the concentration of 50 mg/ml with or without the Bta caused lower larval survival, and clove oil was not efÞcient in the presence of Bta. However, the two oils, with or without Bta, interfered on the biology and humoral immunity of S. frugiperda. Only the clove oil at the two concentrations without Bta did not present ovicidal effect. The results showed that the use of these oils is a promising alternative for the integrated management of S. frugiperda, but its association with Bta demonstrated no signiÞcant increase in their efÞciency.
